Abstract Using a database of 499 archaeological assemblages from 332 sites in Europe, we statistically test a model of the economic reactivity of the hunter-gatherer production system to climatic variations. This model predicts an increase in the diversity of lithic tools during harsh cold periods, in order to maintain carrying capacity, and a reduction during favorable climatic periods. Diversity was measured from the variations in fl int tool distributions in traditional Bordes typological categories, using Shannon's derived diversity index (D). Reactivity was measured in 190 archaeological assemblages from 103 sites of the Middle Paleolithic in Europe (mainly France). The Neanderthals show technological inertia in the development and use of lithic tools for 200,000 years, despite the four cool to cold macroclimatic periods they experienced.
to the highly contrasting environmental conditions in which they lived. This is what we explore in this article with regard to the Neanderthals.
During macroenvironmental variations, did Neanderthals remain technically passive, mainly migrating back and forth periodically (Roebroeks and Tuffreau 1999; Soriano 2005; Tuffreau 2006 ) between their hunting and gathering areas along a latitudinal geographic axis? If Neanderthal reactivity is observable in their tools, expressing economic aspects, does this simply refl ect an underlying technological improvement in lithic industries resulting from the biological evolution of the human lineage? Or, on the contrary, do the tools refl ect a Neanderthal response to constraints that were independent of the underlying improvement? If so, in which direction was the response? In this article, we obtain an estimate of Neanderthal economic reactivity from the distributions observed among groups of tools in lithic assemblages. This reactivity is examined in parallel with macroclimatic variations during the Middle Paleolithic (i.e., from isotopic stages 8 to 3) on the one hand and the chronological linearity covering 250,000 years, which is taken to represent underlying improvement, on the other.
Materials and Methods

A Model for Technological Response.
The putative impact of environmental constraints on lithic industries is as follows. Periodic environmental variations over several millennia, that is, on a macroscale, affect the edible biomass density, inducing variations in the carrying capacity of the hunter-gatherer production system of the Neanderthals. If this variation tends toward a reduction in the carrying capacity, it will cause the local population density to decrease, through an increase in mortality and a decrease in fertility and/or migration. If the environmental effect occurs on a supraregional scale, thus closing off the migration option that would make it possible to cover food needs elsewhere, then merely maintaining the system's carrying capacity would force the population to innovate or, more accurately, would raise the probability of shifting to innovations (Wood 1998).
Innovation does not necessarily mean invention of new tools; it can also mean an increase or reduction in the use of existing or previously existing tools, even in a relatively remote past. These innovations become necessary to extend the food spectrum to new animal and plant species or to move the cursor on the existing spectrum, that is, to vary the distribution of hunted and collected items, for example, a shift from hunting mainly large ungulates (reindeers, horses) to capturing small animals (hares, or tortoises in the Mediterranean northern basin) (Stiner et al. 2008) . When food constraints increase, an effect on stone tools is to be expected in order to maintain the level of food production, resulting in a change in the distribution of the various tool types or in the introduction of innovations that produce greater tool diversity. Conversely, when food constraints diminish, a less varied range of tools is to be expected. In other words, a relative increase in lithic cultural variance can be expected during unfavorable environmental periods and a relative reduction can be expected during favorable periods.
A proxy measurement of variation in carrying capacity during a period of worsening or improving climatic conditions could be the negative or positive difference in benthic oxygen-18 between the last climatic minimum or optimum and a given date (period). It is expected that the larger the difference, in negative terms, the higher the probability of innovation, although no proposal for a joint statistical distribution family for the two event categories can be readily put forward.
Data and Techniques. The data are represented by the distributions of lithic industries obtained from an exhaustive search of the literature concerning 499 archaeological layers from 332 sites in Europe, located at the geographic coordinates shown in Figure 1 ; each layer is called a record in the remainder of this article.
The data were subdivided into two groups. The fi rst, called the large data set, contains 455 lithic assemblages from 314 archaeological sites. The large data set is intended to measure the variation in the density of the number of Middle Paleolithic lithic assemblages by chronology. The second group, called the reduced data set, contains 190 lithic assemblages from 103 archaeological sites with distributions of apparently complete lithic industries. These are mainly located in France, with some in Italy, eastern and central Europe, and Israel (Figure 2) .
The reduced data set is intended to measure variation in the diversity of lithic tools. Each record represents the number of artifacts in the essential groups according to the Bordes method, using so-called reduced counting (Bordes 1950 (Bordes , 1984 , that is, without technical items such as pseudo-Levallois points and knives with a natural back. These artifacts are classifi ed in the following fl int tool categories: scrapers (reduced IR), tools of the Upper Paleolithic type (group III), encoches (nos. 42 and 54 in Bordes's typological list), denticulates (group IV), bifaces, foliates, choppers and chopping tools, and cleavers. The bifaces have been divided into two categories: bifaces of the Acheulean type and those of Micoquian morphology or that occur more frequently during the Middle Paleolithic [fl at triangular Mousterian bifaces of the Acheulean tradition (MAT) and bifaces on fl akes]. Because items in the second category are not always easy to recognize explicitly in the literature, the bifaces from the lithic industries that are present from isotopic stage 5 were classifi ed, in doubtful cases, with the Micoquian types and MAT bifaces.
A further category was added, corresponding to the numerical difference between the calculated values of fl int tool categories (our data) and the total number of tools cited in the literature. This category corresponds to various tools not taken into account in the mentioned indexes. The noninformed values of tool categories in distributions where some items have been informed were given a value of 0. In the literature, besides quantitative information, values are frequently expressed as qualitative appreciations, such as "low," "very few," "rare," and "frequent." To avoid the loss of associated quantitative information, we replaced the adjectives expressing scarcity or abundance with the values 5% and 20% of the tool total (either indicated or calculated, respectively). In all, the lithic data are distributed into 10 typological categories. The reduced data set is given in the Appendix.
The chronological data, expressed in terms of isotopic stages, were obtained from the literature, from transposing the ancient glacial periods into terms of their corresponding isotopic stages, and/or from a team member's personal knowledge of the sites (A. Tuffreau). In all, the data represent 64,823 tools distributed into 13 isotopic stages or substages (3, 4, 5, 5.1, 5.2, 5.3, 5.4, 5.5, 6, 7, 7.1, 7.3, 8) . Note that there are isotopic stages for which no additional substage can be obtained or estimated from the original publication. In that case, the average date of the stage has been taken. The tool distribution in an archaeological layer can be regarded as a closed information system of mutually exclusive items, with a multinomial statistical distribution. The tool distribution can be considered a random sample of the distribution (observed localities) of a large archaeological layer on a regional or subcontinental scale, which records traces of the metapopulation's activity. The Shannon index (H) was used to quantify the lithic cultural diversity of an archaeological layer. With p i n i /n, the Shannon index is written as (1) where the n i are the observed numbers of the ith tools (i 1, … , s), n is the total number of tools, and the p i are their frequency, with p i 1. By convention, if n i 0, then p i ln p i 0. This index expresses the total diversity of a set of items as a sum of frequencies weighted by (the natural logarithm of) their respective abundance. When the diversity of the items increases (i.e., tends toward a uniform distribution), the value of the index increases, and conversely, when the diversity decreases, the distribution tends to be unimodal. Many publications discuss the Shannon diversity index, which will not be discussed here (see, e.g., Krebs 1989; Lecointre and Le Guyader 2001; Magurran 1998) . To measure the difference between the index values in terms of the proportion of diversity, it is better to take the value D exp(H) (Jost 2006) .
To express the climatic impact, we used the values corresponding to the isotopic stages (and substages) of the benthic Foraminifera curve, estimated from 57 curves on a worldwide scale, but with a higher frequency from the Atlantic (Lisiecki and Raymo 2005, Figure 4, p. 6 ). This curve, besides its broad sampling and its weighting in favor of the Atlantic, provides continuous values throughout the chronological period, which is not the case with other curves that are more centered on Europe.
To test the model of Neanderthal cultural reactivity, we used two routine statistical techniques. The fi rst is a simple linear regression of the lithic diversity index D of the sample of the archaeological layers on the explanatory variables y a bx e, where y is the index of lithic diversity D, a is a constant, b is the vector of the regression coeffi cients, x is the vector of the transposed data, with x 1 being the chronology that expresses underlying technological progress and x 2 being the benthic value that expresses the effect of climate as a continuous variable and not simply as stage and substage, and e is an unexplained residual. This test is intended to measure the lithic cultural reactivity of the series of archaeological layers and benthic values on a continuous basis.
Results
Variation in the Density of Middle Paleolithic Archaeological Assemblages over Time. Figure 3 shows the variation in the density of the archaeological assemblages across isotopic stages 8 to 3 (stars) superimposed on temperature variations, represented by benthic foraminifer records of 18 O (continuous line). To compare these two variations, their units of measurement (ordinate values) were forced onto the same vertical axis. The distribution of the density of the archaeological assemblage shows, as one would expect, a steady reduction over time. Although the degree of information defi nition is temporally broad, about 40,000 years, two noncontradictory interpretations of this distribution of the assemblage density per unit of time are possible.
The fi rst interpretation is taphonomic: Preserved archaeological information becomes degraded over time. But the degradation function and its intensity are unknown (linear? asymptotic?). The observed assemblage density is the residue of this degradation. As an example, Figure 4 shows the observed density along with three simulated corrected densities, using the assumption that out of the number of observed sites, a linear degradation of information has occurred in 0.5, 1, and 2 sites per millennium, which must be added. The second interpretation of the assemblage density is demographic, using the assumption that the density is roughly proportional to that of the metapopulation (see Bocquet-Appel and Demars 2000; Bocquet-Appel et al. 2005; Gamble 1983; van Andel et al. 2003) . Figure 3 shows demographic density remaining roughly stationary from isotopic glacial stage 8 (275,000 years) to stage 6 (150,000 years), after which the demographics of the metapopulation expanded rapidly up to isotopic stage 5.3 (100,000 years), stabilizing until the middle of isotopic stage 3 (50,000-55,000 years), when they took off once more, coming to an abrupt end toward 30,000 years, which coincided with the arrival of anatomically modern humans. But whatever the density distribution, whether observed or corrected using various hypotheses for the linear degradation of information (see Figure 4) , we do not see the expected covariation between climate change (the proxy for secondary biomass) and demographic change (see Figure 3 )-such as that observed by van Andel et al. (2003) with the number of Mousterian sites between 70,000 and 25,000 years-except, partly, for the correction of the highest density (simulated density 2 in Figure 4 ). But, in Figure 4 , if temperature and density coincide roughly in the 250,000-150,000-year segment, then they no longer coincide afterward. If the climatic variation validates the demographic model of interpretation of the density of archaeological assemblages by their expected covariation, then, even if a possible linear degradation of information is taken into account, the demographic interpretation of the density of Mousterian sites is rejected.
Variation in the Diversity of Lithic Tools. Before giving the test results, we must fi rst state that we did not detect any effect of climatic conditions on the geographically sampled data. Correlations between the geographic coordinates of the sites (layers) and their estimated benthic values, although they tend toward the intuitively expected direction, are nil (benthic, with latitude 0.141, P 0.32; with longitude 0.012, P 1.0). The result of the regression of the lithic diversity index D on chronology and climate is given in Table 1 , which shows a highly signifi cant chronology effect and a nil climatic effect. Figure 5 shows the distribution of the diversity index D by chronology. The average tendency is obtained through a local loess fi t ( 0.30). This average tendency can be subdivided into two segments. The fi rst, lasting from 260,000 to 150,000 years, shows a drop in the diversity index D from 4.2 to 3.5. This reduction of the diversity index is probably the expression of the reduction in the number of Acheulean bifaces during stages 8 to 6 and of their replacement by Micoquian shapes. MAT bifaces appear later, mainly in stage 5. The second segment, lasting from 150,000 to 40,000 years, shows an absence of average change despite the presence of MAT bifaces.
We interpret Figure 5 as representing technological inertia among Neanderthals for both lithic tools and derived perishable products during the four cool to cold macroclimatic periods they experienced. The Neanderthal panoply of lithic tools was very much all-purpose, capable of adapting to all Neanderthal situations of food gathering, whether direct or indirect, from their natural environment. At the current stage of observations, it is diffi cult to make the link with the classic debate on the meaning of the Mousterian variability of lithic industries (cf. Binford and Binford 1966; Bordes and Sonneville-Bordes 1970; Dibble and Rolland 1992; Mellars 1969) . It can be observed, however, that this variability, which is mainly ascribable to geographic conditions (access to raw materials) and cultural factors (development of stylistic traditions and specifi c debitage techniques), does not seem to be directly linked to demographic factors and carrying capacity. 
Discussion and Concluding Remarks
Some diffi culties were encountered with the collection of qualitative and quantitative data on the distribution of the tools in the lithic assemblages, as a result of changes in study methods in the last 20 years and the limitations of the Bordes method, which does not take the diversity of debitage methods in Middle Paleolithic assemblages into account. Developments in technology analyses have brought considerable progress by allowing a dynamic view of lithic material (Inizan et al. 1999; Tixier et al. 1980) . However, an undesired consequence has been a considerable increase in the number of publications that do not always take the lithic industries fully into consideration and offer quantitative data that are only partial or scattered in different papers. In addition, where debitage methods are concerned, the Bordes counts focus on the Levallois method, so that the diversity observable in the Middle Paleolithic assemblages is not apparent. It is impossible to identify laminar debitage, recognized since the 1980s (Révillion and Tuffreau 1994), and the now better-known discoid method (Boëda 1993) . With the development of the technological approaches and the use of the concept of reducing sequence (chaîne opératoire), we now have detailed publications that give us more data about the behavior of the Neanderthals, especially for the socioeconomic aspects in relation to environmental constraints, since the procurement of the raw material until it is discarded. It is unfortunately impossible to take account of these data in a Bordian count. It would have been interesting to measure the technological reactivity of early European modern humans to the climate and to compare it with that of Neanderthals. But besides the impossibility of expressing this lithic typological variability with the same set of items common to both metapopulations, it should also be borne in mind that one of the major technological innovations of early European modern humans was the use of raw animal materials (bone and ivory), which were used by groups of Neanderthals only when their metapopulation was close to extinction.
The recent analytical approaches to Middle Paleolithic technology with the use of the reducing sequence concept and detailed functional studies provide more information for a better knowledge of Neanderthal behavior. Nevertheless, these new approaches are of little use for the purpose of this paper, which was the technological responses of the Neanderthals to macroclimatic variations. In many recent publications, we can see a lack of standardization in the presentation of the results contrary to the Bordian method, whose limits are, however, clear. It would be useful to fi nd a way to quantify all the aspects of the new Middle Paleolithic data so that we could progress to a better understanding of the economic reactivity of the Neanderthals to climatic variations. Doubtless, the need for multiregional studies will probably have repercussions on the presentation of studies in Middle Paleolithic industries.
With the current representation of the data, at least two noncontradictory hypotheses can be put forward to explain the apparent technological inertia of Neanderthal stone tools: The fi rst calls on cognition, the second on demography.
As the metapopulation of Homo erectus, after Homo antecessor, evolved toward the Neanderthal and became isolated in Europe from the remainder of the H. erectus territory for some 500,000 years, its average cerebral volume was nevertheless similar to or even larger than that of anatomically modern humans at the time of contact. Although brain size was about 1,100-1,400 cm 3 at Atapuerca SH (Sima de les Huesos) (crania 4 and 5; Arsuaga 2009), it had enlarged to 1,200-1,900 cm frequency in any population, the most demographically numerous population in absolute terms will produce the greatest number of innovations (Kuznets 1973; Simon 1977) . Therefore, along with the assumption of cognitive effi ciency, we can also put forward the assumption of a Neanderthal metapopulation that might have been trapped in a hunter-gatherer production system that determined a low carrying capacity, about a few thousand individuals, and maintained the Neanderthal metapopulation in a state of demographic equilibrium but restrained its potential technical creativity precisely because of the smallness of its number: a Malthusian trap. The technical and social characteristics of the Neanderthal production system might have been strong residential mobility, following animal herds; direct and dangerous contact with prey animals by killing with lances, rather than by delivering death from a distance using projectiles (spears) (Gamble 1999) , with the aid of beaters; and no division of labor by sex (or by age?) (Kuhn and Stiner 2006) between hunting and gathering, as observed ethnographically (i.e., with both males and females working as hunters and beaters). The example of Australian hunter-gatherer demography at the time of Western contact, with 900,000-1 million individuals (Lourandos 1997: 38) being invaded across a continent of approximately 7,600,000 km 2 , and the advantages, on the side of the Western invaders, of technological production from tens of millions of individuals, gives an idea of the impact of numbers on technological development.
In this study we have attempted to model and quantify the Neanderthal response to macroenvironmental variations using the traditional Bordes lithic attributes over a coeffi cient of lithic diversity. Work still remains to be done to distinguish between the causes of the Neanderthals' disappearance that can be attributed to their cognition and those that can be assigned to the consequences of their demography. 
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